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ABSTRACT
ELAINE ANN CLARK: Neural Cadherin: A Study of Domain 1
(Under the direction of Dr. Susan Pedigo)
Cadherins are a class of transmembrane proteins responsible for calcium
dependent cell-cell adhesion. Classic cadherins share a common structure involving five
extracellular domains, each connected by a 7 residue sequence known as a linker region.
As these domains are modular in nature, this study focuses primarily on the first
extracellular domain of neural cadherin without and with the adjacent linker region.
NCADl and NCADl-Ll. Upon calcium binding, a tryptophan residue located in domain
1 allows for the adhesive activity of the cadherin through formation of a strand crossover
structure. With the dissected NCADl and NCADl-LI, the binding pocket for calcium is
not complete, so dimerization is not expected for these constructs. However, we did
observe the two constructs in a dimeric form that was not in exchange with monomer.
This dimer was converted to monomer by heating the proteins to 37 °C. Structural and
thermal characterization experiments were performed on both constructs in the apo state
and in the presence of calcium and salt to compare this domain with other neural cadherin
dissections. The addition of calcium had no spectral consequences on either of the two
domains, while NCADl-LI was observed to become spectrally similar to NCADl with
the addition of salt. We found that both constructs unfold at an uncharacteristically high
temperature with a midpoint of ~ 74 °C. This irregularity may be attributed to the
formation of a "plaque-type" structure which gives the false sense of high thermal
stability.

Formation of this unusual plaque structure was reversible, and high salt

concentrations abrogated plaque formation for NCADl-LI.

Results for domain 1

constructs were very similar to results from studies for the two domain construct,

11

NCAD12, and contrasted sharply with that obtained from domain 2 studies presented
elsewhere. In summary, these studies are the first thermodynamic studies of domain 1
from a member of the classical cadherin family. Interpretation of results from thermal
denaturation studies was complicated by formation of this unusual plaque structure.
Interestingly, this plaque is formed reversibly and is a characteristic of neural cadherin
constructs that contain domain 1.
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INTRODUCTION
Cadherins are transmembrane adhesive proteins that act primarily as mediators for
cell-cell adhesion.

Because of this adhesive ability, cadherins play a vital role in

morphogenesis and tissue formation [1, 2]. These proteins are calcium dependent,
requiring calcium for adhesive activity [3]. Removal of calcium from the extracellular
area abolishes adhesion.

Through these selective cell-cell contacts, cadherin

communication and adhesion generally occurs between homophilic cadherins, those of
the same or similar subtype [4]. Proteins belonging to the classic cadherin family all
have a common domain organization [5, 6]. There is an animo-terminal extracellular
region, a single-pass transmembrane region, and a carboxy-terminal cytoplasmic region
in association with the cytoskeleton. The conserved cytoplasmic region is connected to
actin filaments with the aid of anchor proteins called catenins [7]. The adhesive ability of
cadherin proteins is dependent upon the efficiency of this intracellular interaction.
Calcium ions bind at interfaces between extracellular domains, creating a curved rod-like
unit that relays the adhesive signal to the cytoskeleton [8]. Adhesion produces tension in
the cytoskeleton, which then leads to downstream signaling events [9].
Classic cadherins, such as N-cadherin (NCAD), found in neural and muscle
tissue, and E-cadherin (ECAD), found in epithelial tissue, are closely associated in
regards to sequence both in extracellular and intracellular domains [5]. The classical
cadherins have five homologous and independently folded extracellular domains (EC
domains numbered 1 to 5 beginning at the N-terminus) which form a curved rod-like
structure outside of the plasma membrane.

Figures lA and IB show the five

extracellular domains of the classic cadherins and the location in which calcium binds.
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Consecutive extracellular domains, each containing a 7 strand p-sheet structure, are
connected by distinct interfaces, which have 7 highly conserved residues known
collectively as linkers.

These linker regions provide important components of the

binding sites for three calcium ions, and are inherently associated with the interactions
between the two adjacent domains (Figure 2A). Following calcium binding in the linker
regions, the relative nature of the extracellular domains is altered, encouraging formation
of a rigid structure with exposed residues at the dimerization interface [10, 11]. The now
unyielding extracellular region of the cadherin may interact with other cadherin
monomers to participate in /a/era/-dimerization or adhesive-mitrdiCiions.

Lateral-

dimerization occurs between cadherin molecules of the same cell surface, producing a
homodimer, while a^/Aej/ve-interactions occur between the N-terminal domains of
cadherin molecules emanating from opposing cells. These flfi^/ze.y/ve-interactions are the
basis for specificity of cell-cell adhesion [4].

Figure lA illustrates both lateral-

dimerization and adhesive-miQVdiCiions. In this manner, cadherins act as both ligands and
receptors.
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Figure 1: The fixe homologous extracellular domains of the classic cadherin. A cadherin
polypeptide is representedfivm the N-terminal extracellular barrel shaped domains numbered 15, a mansmembrane region, and a cytoplasmic C-terminal domain. Calcium binding sitesfor up
to three calcium ions located in the linker region between the domains are illustrated (orange in
A, and red in B). Calcium binding is required for both lateral-dimerization and adhesiveinteractions. (A) Lateral-dimerization is shown between the two adjacent cadherin monomers
found on the same cell surface,forming a homodimer (blue to green). An adhesive-interaction is
shown between two N-terminal domains to join two cadherin molecules fi'om opposing cell
surfaces (blue to blue). This interaction is responsible for the adhesive activity' observed with
cadherins.
Some studies suggest that lateral and adhesive interactions do not occur
simultaneously[12, ISj. (B) Another illustration ofthefive extracellular domains, along with the
transmembrane and cytoplasmic regions. The proteins anchoring the cytoplasmic region to an
actin filament, catenins, are shown.

There have been a number of NMR solution [14-16] and x-ray crystal [17-21]
structures of the extracellular domains of cadherins. Figure 2A shows a ribbon drawing
of the first two extracellular domains of epithelial cadherin (ECAD12) generated from a
crystal structure [17]. With regards to neural cadherin structure, domain 1 is the most Nterminal extracellular domain consisting of amino acid residues 1-99. Domain 2 contains
residues 107-214. Linker 1 (residues 100-106) connects domain 1 and domain 2(Figure
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2B). Two of the residues in the linker region are aspartate, a negatively charged residue.
This negative linker region is responsible for many of the physiological characteristics of
cadherins.

As typical for classic cadherins, domains 1 and 2 are 7-strand p-sheet

structures with an immunoglobulin-type topology of a "greek key" fold [15]. The two
cadherin constructs chiefly investigated in this study are neural cadherins with the
extracellular domain 1 only. One construct of domain 1 has no linker(NCADl), and the
other construct is comprised of domain 1 and the first linker (NCADl-LI). Studies of
domain 1 are pertinent because of its significance physiologically. Domain 1 is crucial
for cell-cell adhesion [10, 12]. The second residue in the NCAD sequence, tryptophan
(W2), is located in domain 1, and is required for adhesion [11, 19, 22, 23]. The current
model for linkage between calcium binding and assembly of adhesive dimers proposes an
ordered series of events: calcium binds, W2 is exposed, and a strand crossover structure
forms in which W2 fi-om one monomer docks into the hydrophobic pocket ofthe adjacent
monomer. Because this domain is vital to adhesion, the primary activity of the cadherin,
we aim to better understand its nature and characteristics, and explore which conditions
alter or enhance its activity.
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Figure 2: Stnictiire and sequence of Ai'o domain classic cadherin. (A) Ribbon drawing of
ECAD12 [17]. Domain 1 is on the left. Domain 2 on the right. Linker 1 and Linker 2 are red;
three calcium ions are yellow spheres. (B) Amino acid sequence of NCADl-Ll and NCAD2-L2
w ith domains and linkers aligned to illustrate similar (.) and identical (:) amino acids in the Pvo
domains created with LAlign.
This work is one component of a series of projects focusing on the extracellular
domains of NCAD and ECAD. By dissection of the extracellular domains, a systematic
set of constructs of the cadherins were created and tested.

The studies in this work

complete the series by investigating the piopeities ot domain 1. Pievious studies have
been performed on domain 2 with no linker (NCAD2), domain 2 with both linkers (ElNCAD2-L2), the two-domain construct (NCAD12), as well as with various constructs of
epithelial cadherin.

To complement the data acquired in these experiments, and to

investigate the similarities and differences between domain 1 and domain 2, this study
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concentrates on NCADl and NCADl-Ll. Characteristics of domain 1 with and with no
linker were explored with experiments investigating construct stability under various
conditions and their dimerization properties. By studying both NCADl and NCADl-Ll,
the effect of the linker in assorted solution and temperature conditions may be better
elucidated. The long term goal is to compare to the properties of the domain 1 constructs
to those of domain 2 and the two-domain construct, NCADl2.
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MATERIALS AND METHODS
Overexpression ofproteins
Overexpression ofthe NCADl and NCADl-Ll constructs were required to obtain
sufficient protein for these experiments. The bacterial expression cells were BL21
(DE3). These cells contain a copy of the T7 RNA polymerase gene that can be inducible
by Isopropylthiogalactoside (IPTG)[24]. The vector used was pET30b engineered with
the neural cadherin sequences following a T7 promoter. IPTG induced synthesis of T7
polymerase, which in turn synthesized the cadherin sequence. Freshly plated cells from a
transformed cell stock were grown in an overnight culture, which contained 50 pi
Kanamycin and 50 ml of LB. This solution was then placed on a rotating-shaker at 37
”C, 200 rpm overnight. These cells were

then used to inoculate 1 L LB-Kanamycin

cultures, which contained 20 ml of 20% Glucose, 50 ml of 1

M potassium phosphate, 5

ml of the overnight culmre, and 1 ml of Kanamycin. TTie large cultures were placed on
the rotating shaker at 37 C, 200 rpm

for 3 hours to grow to mid log phase. Once the

Absorbance was 0.6 to 1.0 AU (600-1000 nm), the culture was induced with 1 ml of 0.4
M IPTG. Then the bacteria were placed back on the rotating shaker at 37 C,200 rpm for
2 hours. During that time, they were growing and overexpressing the protein.

Purification ofthe proteins
The cells were separated from the supernatant by centrifugation at 3000 rpm for
15 minutes at 4 ”C.

The supernatant was decanted.

The cells in the pellet were

resuspended in 10 ml of 20 mM HEPES, 100 mM NaCl, pH 7.4 buffer. Combined cells
were transferred to 50 ml conical tubes and frozen for storage overnight. The cells were
7

then sonicated and centrifuged at 15,000 rpm, 4 ”C for 45 minutes to remove insoluble
material. 20 \i\ of this was saved for a gel. The pellet was resuspended in 22.5 ml of
10% Triton-X. The suspension was allowed to incubate at room temperature for 10
minutes. A 10 pL sample was taken to run a gel. SDS PAGE was used to locate the
protein. In first few preparations, protein was in the supernatant (soluble). In the fourth
and last preparation, it was in the pellet. The protocol discussed here is for the insoluble
material. The 10% Triton-X suspension was centrifuged at 13,000 rpm for 20 minutes at
4 °C. The supernatant was decanted and saved. The pellet was then suspended in 1 /o
Triton-X and allowed to incubate at room temperature for 10 minutes. A sample was
taken and saved. The 1% Triton-X suspension was then centrifuged at 13,000 rpm for 20
minutes at 4 ‘C. The supernatant was decanted and saved as before. The pellet was then
resuspended in 1% Triton-X for a third washing and allowed to incubate at room
temperature for 10 minutes. The suspension was then centrifuged at 13,000 rpm for 20
minutes at 4'C. The supernatant was decanted and saved. Since the protein was in pellet
number four, the pellet was dissolved in Binding buffer(20 mM Tns/HCl, 0.5 M NaCl, 5
mM Imidazole, and 6 M urea at pH 7.9) for His-Tag chromatography with 6 M urea
added and stirred overnight in the refrigerator. The cycle of centrifuging and Tnton-X
washings were done to further purify the protein. The process is shown in the following
flow chart(Figure 3).
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His-Tag chromatography was the next step ofthe purification procedure. A 10 ml
filtered sample was loaded onto the HiTrap His-Tag column (5 ml; Amersham) and
allowed to bind to the column. The column was then rinsed with 15 ml of Binding buffer
(20 mM Tris/HCl, 0.5 M NaCl, 5 mM Imidazole, and 6 M urea at pH 7.9). Then it was
washed with 20 ml of Wash buffer (20 mM Tris/HCl, 0.5 M NaCl, and 40 mM
Imidazole, pH 7.9) and 30 ml of Elution buffer(10 mM Tris/HCl, 250 mM NaCl, and 0.5
M Imidazole, pH 7.9). Fractions were collected at 5 ml per tube during the entire
process

These fractions were then scanned using the spectrophotometer to determine

which fractions contained the protein and then used to run gel. The fractions containing
the protein were then put into dialysis in Trypsin Digestion Buffer(5 mM CaCb,20 mM

Tris, 140 mM NaCl,5% glycerol, 1 mM DTT, at pH 7.5, total volume 2 L). This simply
exchanged the Imidazole buffer from HisTag for a buffer more suitable for digestion with
trypsin.

Dialysis proceeded overnight with a stir bar in the refngerator.

Trypsin

digestion was performed on the dialyzed protein solution. 250 pi of immobilized trypsin
was added to the 500 pi of trypsin dialysis buffer, vortexed, and then centrifuged. The
top layer was decanted. The sequenced beginning with the addition of the trypsin buffer
was repeated twice. Then 500 pi of the dialyzed protein was added, vortexed, and placed
on a shaker for four hours. At hourly intervals, a 20 pi sample was taken for a gel. This
was done to remove the 45 amino acid leader sequence affinity label from the NCADl
protein. Cleaved material was buffer exchanged using Size Exclusion Chromatography
(SEC). This technique removed digestion buffer with impurities for the SEC buffer (10
mM HEPES, 140 mM NaCl, pH 7.4), thus eliminating any remaining debris from the
concentrated sample. This was done by simply running the sample over the SEC column

10

(Sephacryl S-100, 1.3 cm x 60 cm; 10 mM HEPES at pH 7.4, 140 mM NaCl, 20%
ethanol). Fractions were collected manually at 3 minutes per tube with a flow rate of 0.5

ml/min.

Spectral Characterization
Ultraviolet Spectroscopy
A UV-scan of purified protein was taken on Cary 50 Bio UV-vis
Spectrophotometer in order to determine the stock concentration and the molar
absorption coefficient of both NCADl and NCADl-Ll using a 4 mm quartz cuvette.
The protein concentration of NCADl was determined to be 63 ± 4 pM and the
concentration for NCADl-Ll was found to be 46.5 ± 1 pM (Table 1). Concentrations of
the protein stocks were determined using methods employed as described in Data
Analysis (Equations 1, 2, 3). Errors were propagated based on the standard deviation in
the spectral measurements(Equation 4).
Circular Dichroism Spectroscopy
CD scans were performed on an Aviv Model 202 SF CD spectrometer from 200
mn to 300 nm, with an average end time of 15 sec. The experiments conducted in this
study concentrated on NCADl without any linker and NCADl-Ll with the linker. These
scans were performed in the apo state, and in the presence of 5 mM CaCli, and 1 M
NaCl. The protein concentrations for both NCADl and NCADl-Ll were 47 pM using a
0.2 mm path length. Apo solutions were made of 40 pi of SEC buffer (10 mM HEPES,
140 mM NaCl, pH 7.4) and 2 pi of protein stock. Sodium chloride solutions contained
42 pi of SEC buffer and 2.3 mg NaCl for a 1 M solution. The 5 mM calcium solution
11

contains 40 jil of SEC buffer and 2 |.il of 100 mM CaCh stock.

Data from these

experiments were analyzed according to Equations 6 and 7.

Determination ofMolar absorption coefficient.
Molar absorption of the purified protein was determined by using the UV-vis
spectrometer in the native and denatured state of the protein.

Denatured state was

achieved by making a solution of 25 pi of protein stock and 105 pi of8 M GdnHCl. The
native state was a solution of 25 pi of protein stock and 105 pi of SEC buffer (10 mM
HEPES at pH 7.4, 140 mM NaCl). The stock protein concentration for the denatured
state was calculated using a £‘:so value based on the number of Tryptophan and T3Tosine
residues in NCADl and likewise in NCADl-Ll. The denatured concentration value was
then used to detemine the

value of the native protein. Equations 1, 2, and 3 in the

Data Analysis section illustrate the method employed to establish the extinction
coefficient. As Table 1 indicates, a value of 7,750 ± 440 M ‘cm
NCADl, and a value of 7,400 ± 200 M'‘cm

was obtained for

was obtained for NCADl-LI. Standard

deviation was calculated using Equation 4 in Data Analysis.

Size Exclusion Chromatography
Analytical size exclusion chromatography (SEC) was performed to assess the
dimerization state of the two NCADl constructs. An ISCO HPLC was employed under
the following conditions. The buffer was 10 mM HEPES, 140 mM NaCl at pH 7.4. The
column was Superose-12 (10 mm x 300 mm)(Amersham Biosciences). Flow rate was 1
ml/min with detection at 280 nm. Injection volumes were 60 pi and 80 pi, with protein
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concentrations at 50 fiM. Data were recorded on a strip chart recorder with sensitivity set
to 0.02 or 0.05 AUFS. A pre-heat and post-heat sample for both NCADl and NCADlL1 were prepared. The post-heat sample for each construct was heated to 37 ”C in a
water bath for fifteen minutes. The pre-heat and post-heat samples of both NCAD
constructs were then run on the SEC column. Strip chart chromatograms were scanned
and background grid was removed to create the figures in this text. Standards were run to
determine the apparent size of the constructs. Blue dextran marked the excluded volume,
and acetone marked the total included volume. The standards were cytochrome c
(12,384) and myoglobin (16,700). For experimental determination of molecular weight
of the NCADl and NCADl-Ll, only pre-heat samples were used. The retention time of
R
the two standards was measured and then used to calculate the fractional migration, /,
as shown in Equation 5 in Data Analysis, A two-point standard curve of log(Molecular
weight) versus

was created using the calculated fractional migration and molecular

weight of the two standards. Fractional migration of the NCAD constructs was then
calculated from measured retention times using Equation 5. These values were plotted
on the standard curve, and molecular weights were determined for both NCAD
constructs. However, a two-point standard curve is less accurate than a standard curve
created from multiple points, thus the determined values should only be considered as
approximate molecular weights.
Another analytical SEC was executed on wild type NCAD with both domain 1
and 2, NCAD12, under the following conditions. An AKTA Purifier HPLC was used,
along with SEC buffer (10 mM HEPES, 140 mM NaCl, pH 7.4). The column was
Superose-12 (10 mm x 300 mm)(Amersham Biosciences). Flow rate was 0.5 ml/min
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with detection at 280 nm. Injection volume was 100 |il, and NCAD12 concentration was
50 |uM. Blue dextran, human serum albumin (HSA), myoglobin, and acetone were used
as standards and were run prior to the experiment. Two samples were made: NCAD12
with 1 M NaCl added, for a total NaCl concentration of 1.14 M, and NCAD12 with no
additional NaCl added, thus totaling 0.14 M NaCl. Data were recorded and analyzed
using UNICORN 5.0 software.

Thermal Stability
The relative stability of the NCADl and NCADl-Ll constructs were determined
from temperature-induced unfolding experiments. We monitored Circular Dichroism
(CD)on an Aviv 202 SF Stopped Flow Spectrometer. Wavelength scans of proteins and
buffer were made before performing each unfolding experiment. These data were used to
estimate the unfolding temperature (Tm). The CD signal was a measure of the peptide s
absorption of circularly polarized light. The tryptophan environment in the protein was
measured by the emission of fluorescent light and was recorded by a separate fluorescent
signal. All temperature denaturing experiments were done using a quartz cuvette with a 1
cm path length and a protein concentration of 2.5 pM. Each sample tested was a 2.5 ml
solution. The cuvette was fitted with a screw top with temperature probe inserted into the
top to prevent evaporation at high temperatures. The temperature ranged from 15 C to
90 °C at 1 "C per minute. The equilibration time was 30 seconds. During each one
minute interval, data was collected for 5 seconds at a wavelength of 235 nm to increase
the signal-to-noise ratio.
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Thermal stability experiments were conducted on NCADl and NCADl-Ll. With
both NCADl and NCADl-Ll,temperature denaturation studies were conducted under an
apo-condition, and in the presence of calcium and sodium chloride. The buffer used for
each condition was SEC buffer (10 mM HEPES, 140 mM NaCl, pH 7.4). For the apo
state, only SEC buffer and 2.5 pM protein stock were added. Calcium samples contamed
SEC buffer, 2.5 pM protein stock, and 1 mM CaCl2. Sodium chloride samples contained
SEC buffer, 2.5 pM protein stock, and 1 M NaCl.
A second set of thermal stability experiments was performed on NCADl in

an

apo condition in order to test the reversibility of the protein. SEC buffer was used, and
1.94 pM protein stock was added along with buffer to create the sample for testing. It
was heated from 15 to 90'C in the forward direction, and then a cooling scan was taken
from 90 to 15 ’C. In between the first melting scan and the cooling scan there was a 5
heated a second time after the cooling scan
minute holding period. The solution was
from 15 to 90 ‘C. Data was collected at 230 nm, the equilibration time was 1.5 minutes.
and temperature was increased or decreased at a rate of 1 “C per minute. The CD signal
data and the signal error collected were left in raw data form.

Data Analysis
The concentration and molar absorption coefficient for both protein stocks were
determined using UV-vis spectrometer.

Concentration for the denatured state was

determined using the equation
(1)

A — she
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where A was measured with UV- vis and is the absorbance at 280 nanometer, s is equal
to the molar absorption coefficient, h is the pathlength, and c is the protein concentration,
used in the denatured state was 6,990 M'W ^ based upon equation

^2S0,Cdn

^280.Gdn

= #rrp- 5500

-f SrjT-1490

(2)

The value of concentration was found, and then used to find the value of £ in the native
state.

be calculated without first

The native extinction coefficient,

determining the protein concentration by using the equation
^s30.-Cdn*Avat
^280MVaf

(3)

-^Cdn.

where ANatJs the molar absorbance in the native state,

the molar absorbance m the

denatured state, and ^280,ccin is the extinction coefficient in the denatured state as
calculated from Equation 2. Errors were determined based on the standard deviation of
the spectral measurements. The standard deviation for the extinction coefficient was
calculated using the following equation
7

2

(4)
V SiYflf)

'
AVflt ^

V -Ac dn

where asNat is the standard deviation of £,v„[25]. This equation forni may also be used
to calculate the standard deviation ofthe deteimined protein concentrations.
Analysis of the SEC chromatograms was accomplished using the following
equation
_ RTx~^D
f ~ BTAce-STiD

R

where

(5)

is equal to the fractional migration of each sample, x, along the strip chart

recorder. RZBD is equal to the retention time of the standard blue dextran. Likewise,
RTAcb is the retention time of the standard acetone, and RTj^ is the retention time of the

16

sample of interest. This equation is equivalent to the internal volume explored by the
solute divided by the total internal volume ofthe size exclusion column.
Data were analyzed using IGOR Pro (ver. 4.0; Wavemetrics), with procedure files
written in-house. For the CD spectral scans, data were processed by subtracting the
baseline, and then setting the signal at 300 nm to zero by correcting for an offset. These
values were determined using the following equations.
Baselin e correction(5C)= CD signal — Blank CD signal
0ffset = BC- Average of 1stSBC values

(6)
(7)

Corrected spectra were then plotted against wavelength.
For the temperature denaturation experiments, data obtained were normalized
against the highest and lowest values, and then against the baseline. To normalize agamst
the highest and lowest values, the following equation was used.
CD signal -I owest value

(8)

= Normalized CD signal

span

where span is equal to the highest signal value minus

the lowest signal value. To

normalize against the baseline, the following equation was used.
_ ^cfrmalized CD signal
where offset is the baseline value, mx plus b, and

(9)

is CD signal value from the raw data.

The baseline and its offset values were found using IGOR Pro software. The normalized
. Error
CD signal values obtained from Equation 9 were then plotted against temperature
values were also normalized by using the equation
Error signal
span

= Normalized error signal

17

(10)

RESULTS
Extinction coefficient
The extinction coefficient was determined for both protein constructs, NCADl
and NCAD 1 -L1 (Table 1). For the construct without the linker, the extinction coefficient
was found to be 7750 ± 440 M'^cm’*, and that of the construct with the linker was found
to be 7400 ± 200 M**cm’’. Because both NCADl and NCADl-LI contain an equal
number of tyrosine and tryptophan residues (both containing one of each), the extinction
coefficient values for both constructs should be the same as well.

Errors in the

determination were propagated based on the standard deviation in the spectral
measurements [25].

Table 1: Stock concentrations and extinction coefficients ofNCADl and NCADl-Ll as
determined by Ultraviolet spectroscopy.
Protein
Stock Concentration(pM)
Extinction Coefficient(M'*cm'^

NCADl
63±4
7750 ± 440

NCADl-Ll
46.5 ± 1
7400 ± 200

Size Exclusion Chromatography
The results of the SEC chromatograms for both NCADl and NCADl-Ll are
displayed in Figure 4. With both constructs, a pre-heat and a post-heat sample were run
to determine whether the protein was composed of monomer or dimer, and if the
introduction of heat changes that composition. Constructs in the dimeric state are larger
and therefore elute faster from the column. Chromatograms are read from left to right,
thus the dimeric form is seen on the left, while the smaller, monomeric form which
remains longer on the column is seen on the right of the chromatogram.
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Figure 4: SEC chromatograms of
(A) NCADl and (B) NCADl-LL
Top chromatogram is before
heating to 37 °C, and bottom is
after heating. Peak on the left is a
dimericform and on the right is the
Conditions:
monomeric form.
Column- Sepharose 12 (10/300),
Buffer- 10 mM HEPES, 140 mM
NaCl, pH 7.4, Flow rate- 1 ml/min.
Detection- 280 nm. Injection
volume- 80 pL(NCADl)and 60 pL
Sensitivity- 0.05
(NCADl-Ll),
AUFS (NCADl) and 0.02 AUFS
(NCADl-Ll).

B

The chromatograms shown in Figure 4A are those of NCADl. In the top
illustration of the pre-heat sample, the left side peak is greater than the right side peak,
indicating that NCADl is naturally in a mostly dimeric state with some small percentage
in the monomeric state. After heat treatment, the right side becomes the dominant side,
indicating that the greatest percentage of the protein is now monomeric.

The

chromatograms of NCADl-Ll are shown in Figure 4B. The top diagram shows a larger
right side, signifying that with this particular construct, the majority of the protein is
naturally in monomeric form, In the post-heat diagram, the right side still remains the
dominant side, but the left side has nearly been eliminated, demonstrating that after
heating, almost all of the protein is monomeric. Table 2 shows the numerical percentage
of the constructs in the dimeric and monomeric forms for both the pre-heat and post-heat
samples. These values were calculated from the peak height.
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Table 2: Percentages of both NCAD constructs in the dimeric and monomericform for
pre-heat treatment and post-heat treatment. Results obtainedfrom SEC chromatograms
shown in Figure 4A and B.
NCADl
Pre-heat
Post-heat

Dimer(%)
75.0
41.1

NCADl-Ll

Monomer(%)
25.0
58.9

Dimer(%)
45.2
28.6

Monomer(%)
54.8
71.4

Table 3 displays the fractional migration, Rf, of the monomeric and dimeric
forms of pre-heat NCADl and NCADl-LI.

Knowledge of the

value lead to

determination of the molecular weight as outlined in Materials and Methods.

The

experimentally established values of molecular weight for dimeric and monomeric states
are displayed, as are the actual monomeric molecular weight for NCADl and NCADl-LI
as determined by addition of known molecular weights of amino acid residues in the
constructs.

Table 3: Experimental determination ofthe approximate molecular weights ofNCADl
and NCADl-Ll using SEC chromatograms. Revalues were calculated from measured
retention times. Myoglobin and cytochrome c were used as standards to create a twopoint standard plot. From this plot, an approximate molecular weight wasfoundfor both
constructs. Actual molecular weights ofthe monomericforms are shown.

log(MW)
MW (g/mol)
Actual MW (g/mol)

NCADl
Dimer
Monomer
0.34
0.51
4.47
3.92
29,569
8,224
22,050
11,025

NCADl-Ll
Dimer
Monomer
0.36
0.50
4.42
3.94
26,017
8,734
23,736
11,868

In order to address the issue of whether high salt concentration affected the
formation or exchangeability of the dimer species, studies were performed on the two
domain construct, NCAD 12. Values in Table 4 exhibit the numerical percentage of the
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wild type NCAD12 in the dimeric and monomeric form for both the 1.14 M NaCl sample
and the 0.14 M NaCl sample. The values were calculated from the SEC peak heights.
Figure 5 shows the chromatograms obtained for the 0.14 M NaCl and the 1.14 M NaCl
samples of NCAD12. The left peak displays the dimeric form of the protein, while the
right peak displays the monomeric form. In both chromatograms, the majority of the
protein is in dimeric form, signifying that even a high concentration of salt does not
appear to affect dimerization in the NCAD constructs.

Table 4: Experimental determination of percentages of NCAD12 in dimeric and
monomericform with 0.14 M NaCl and with 1.14 M NaCl. These results were obtained
from the SEC chromatograms shown in Figure 5.
NCAD12

0.14 M NaCl
1.14 M NaCl

Dimer(%)
65.3
68.4

Monomer(%)
34.7
31.6

Figure 5: SEC chromatograms of wild
type NCAD12. Top chromatogram (A) is
with

0.14

M

NaCl,

and

bottom

chromatogram (B) is with 1.14 M NaCl.

A

Peak on the left is a dimericform and on
the

right

Conditions:

is

the

monomeric form.

Column- Sepharose

12

(10/300), Buffer- 10 mM HEPES, 140 mM
NaCl, pH 7.4, Flow rate- 1 ml/min.
Detection- 280 nm. Injection
100

piL

for

both

NCAD12 concentration - 50 pM
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volumesamples,

CD spectra
The CD spectra illustrated are that of NCADl and NCADl-Ll (Figure 6). Both
sets of spectra show the plot for protein in an apo state, with the addition of 1 M NaCl, or
with the addition of 5 mM CaClz.

They had similar wavelength minimum at

approximately 216 nm as typical for a P-sheet protein. With NCADl, the 1 M NaCl
offset from the
signal showed a minimum of 218 nm, and the signal below 218 nm was
For the
other two spectra, It is unlikely to be related to a property of the protein,
construct with the linker, NCADl-LI, the signals for normal buffer conditions and
calcium added have a slightly increased signal (more negative). The signal for the
sample with NaCl was identical to the signals displayed by NCADl.
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Figure 6:

280

300
B

CD spectra ofNCADJ and NCADl-Ll with various solution conditions. (A)

CD spectra (in mdeg) of 47 pA4 NCADl from 200 to 200 nm (0.2 mm path length) in an
apo state (A), with 1 K4Nad (

and with 5 mMCaCh (+)■ Apo solutions were made

of 40 pi ofSEC buffer (10 mM HEPES, 140 mMNaCl, pH 7.4) and 2 pi ofprotein stock.
Sodium chloride solutions contained 42 pi of SEC biffer and 2.3 mg NaCl for a IM
solution.

The 5 mM CaCh solution contains 40 pi of SEC biffer and 2 pi of lOOmM

CaCh stock. (B) CD spectra (in mdeg) of 47 pMNCADl-Ll from 200 to 300 nm (0.2
mm path length) in on apo state (A), with 1 M NaCl (i), and with 5 mM CaCh
NCADl-Ll solutions were prepared in the same manner as those of NCADl.
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Temperature Denaturation
A plot of nonnalized CD signal at 235 nm versus temperature was generated from
temperature-denaturation experiments at different solution conditions (Figure 7). There
was no significant difference between the three buffer conditions for NCADl. They
melted with a temperature at the midpoint of ~74 °C. The construct with the Imker
showed identical behavior to the isolated domain in normal buffer and with calcium
present.

However, high salt shifted the profile to significantly lower temperature

(apparent T^,~ 57 °C).

24

1.0 (D

c
CD

C/5
Q

o
*o
o
N

0.8 0.6 0.4 -

03

E
u.
o

0.2 0.0 -

20

30

T
40

50

60

70

80
A

Temperature (deg C)
1.0 03
O)
C/)

Q
O

0.8 0.6 -

■a

(D
N
03

E
o

0.4 0.2 0.0 -

20

30

T
40

50

Temperature (deg C)
Figure 7:

T
60

T
70

80
B

Plo( of normalized CD signal versus temperature from 15 to 90 ^C. (A)
Temperature denaturation ofNCADl (2.5 ^iM) in an apo state (k), with 1 h4 NaCl (^),
and with 1 mM CaCl2 (-^) with a 1 cm path length in a quartz cuvette. For the apo state,
SEC buffer (10 mM HEPES, 140 mM Nad, pH 7.4) and 2.5 f.iMprotein stock were
added. Calcium samples contained SEC buffer, 2.5 pA4protein stock, and I mM CaChSodium chloride samples contained SEC buffer, 2.5 j.ih4protein stock, and 1 M NaCI. (B)
Temperature denaturation ofNCADl-LI (2.5 pM) in an apo state (k), with 1 M NaCI
(0). and with I mM CaCf (+) with a 1 cm path length. NCADI-LI solutions were
prepared in the same manner as those ofNCADl.
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There are several unique features of these profiles that should be stressed. First,
for the NCAD1 construct, there was a small deviation for the salt added data fi-om ~ 50 to
70 °C. This deviation occurs in the region where the NCADl-Ll in salt unfolds. The
majority of these profiles melt with unusually high midpoints. This is not typical for a
small globular protein. In the case of NCAD 1-LI, high salt apparently relieves the
condition that promotes this unusually high melting point.
The reversibility of the domain 1 construct was tested with NCADl. A melting
scan was taken, followed by a cooling scan, and then another melting scan. Results of
this reversibility experiment are shown in Figure 8. The first melting profile displays a
sloping baseline leading to the late transition with a high melting temperature at

74 C.

The cooling profile closely tracks that ofthe first melting profile during the late transition
phase until ~ 50 °C when it then veers fi*om the sloping baseline. The second melting
profile almost directly replicates the profile of the cooling scan. The significant increase
m error can most likely be attributed to the fact that such a small concentration of protein
(1.94 pM)was used.
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DISCUSSION
The study of neural cadherin domain 1 is the final piece in a larger series of
studies concerned with the systematic dissection of the extracellular domains of neural
and epithelial cadherins.
literature [26-28].

Reports of the domain dissection of ECAD12 are in the

This study reports initial characterization of domain 1 of neural-

cadherin. With this study of NCAD domain 1, we ultimately aim to compare the domain
1 characteristics to those of domain 2 and the two domain construct(NCAD12) which
were obtained from previous studies. From these prior projects, the following
were obtained:

Members of the Pedigo lab were unable to purify the ECADl and

ECADl-LI constructs despite many months of effort. Domain 2 constructs were easier
to isolate and purify. NCAD2 is very stable and is

remarkably similar to ECAD2. Linker

segments destabilize domain 2. Addition of salt and calcium
larger stabilizing effect observed on the constructs

stabilize domain 2, with a

with the linkers (L1-NCAD2-L2).

^v^lFiined bv the alleviation of
The stabilization by calcium and sodium can be exp
in the
electrostatic repulsion created by clusters of negatively charged residues located
interfacial region.
Based upon this information fi*om NCAD2, predictions
might be expected for the domain 1 construct

were made as to what

Like NCAD2, we anticipated that the

construct with the linker, NCADl-LI, would not be as

stable as NCADl, and that the

presence of salt and calcium would provide stabilization, especially notable in the linker
constructs. To investigate these predictions, we performed studies focusing on calcium
and salt dependent behavior, as well as the dimerization properties of both domain 1
constructs.
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Size Exclusion Chromatography
Analysis of the SEC chromatograms produces three significant conclusions. First,
we discovered that there was a significant proportion of dimer in the stock solutions of
both NCAD 1 and NCAD1-L1. Dimer was not expected in the stock solutions, especially
in such great quantities. These constructs are not predicted to dimerize because they lack
domain 2, which completes the binding pocket for calcium during dimerization. With
NCAD 1-LI, the linker was present, but without domain 2 or the addition of calcium,
there should be no dimerization. Interestingly, the greatest percentage of dimer was
found in the pre-heat sample of NCAD 1, with no linker and no calcium.
A change in concentration might be expected to change the detected monomer
dimer ratio; however, with the two domain construct, NCAD 12, we observed that there is
no change in the monomer-dimer ratio upon dilution (data not shown). This is an
indication that monomer and dimer of the stock solutions are not in exchange. We
believe that the observed dimer is a strand crossover dimer that forms at the point of
proteolysis. The dimer required merely a simple heat treatment (heating to 37 C) to
convert it into monomer, as discussed below, so it may be considered only a modestly
stable structure. It might also be noted that the first crystal structure produced by Shapiro
[18] is a strand crossover dimer of neural cadherin domain 1.
Second, this set of chromatograms show conclusively that the addition of heat to
both NCAD constructs proficiently changes the dimeric form, whether a majority or a
minority in the original stock solution, into a predominantly monomeric form. The pre
heat and post-heat experiments were run to determine the dimer content in the stocks, and
if the introduction of heat changes that state. From the chromatograms in Figure 4, it can
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be concluded that in regards to the construct without the linker, heat addition changed a
majority of dimer to a majority of monomer. The construct with the linker was already
comprised of a majority of monomer; however, heat addition greatly diminished the
remaining dimer percentage, creating a sample composed chiefly ofmonomer.
Third, the pre-heat and post-heat experiments with SEC reinforce the belief that
the data collected from the thermal stability experiments are not accurate depictions of
the true melting temperatures of the two NCAD domain 1 constmcts. With considerable
changes in the dimer content of the two stock solutions after heating to 37 °C as shown in
Figure 4, it is reasonable to assume that at 37 °C, strand crossover is eliminated, dimer
has dissociated into monomer, and NCADl and NCADl-Ll are very close to their
melting points. Data analyzed from Figure 7 indicate that the point of denaturation for
both constructs was ~ 74 °C. We propose that there is a supplementary influential
structure, such as a

plaque" (for lack of a better term), present which caused the

constructs to show such unusually stable melting profiles. We also believed that the
actual melting temperature was close to melting temperature for domain 1 in ECAD12,
~ 37 °C. The SEC chromatogram analysis indicates that dimer dissociates at 37 °C,
supporting the previous conclusion that the melting temperatures determined for the
NCADl and NCADl-LI under various conditions (Figure 7) are not the actual melting
temperature, but are in fact artifactual results likely caused by plaque formation.
We also used SEC to measure the size of the constructs. The calculated values of
the molecular weight (Table 3) of the monomeric forms for both NCAD constructs are a
little less than the expected value, and the values calculated for the dimeric forms are a
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little greater than expected. This analysis is limited by the paucity of standards used to
make the standard curve. (Two points make a line.)

CD Spectra
Circular dichroism spectra reflect the secondary structure of a protein.

The

various secondary structures each have unique spectral bands, which may be either
positive or negative, and are used for identification. P-sheets have one characteristic
minimum at ~ 218 nm, while a-helices show two distinct minimums at ~ 222 and 208 nm
[29]. All CD spectra in this study showed a minimum at

218 nm, consistent with P-

sheet structure. There was no local minimum at 222 and 208 nm, indicating that there
was little a-helical structure in either NCADl or NCADl-Ll [18, 22].
With CD spectra, the greater the signal(more negative) usually indicates a greater
secondary structure content. Comparing the spectra from NCADl to those of NCADlLl, spectra from the NCADl-Ll have a noticeably greater signal.

Thus, it is an

interesting observation that the linker appears to give domain 1 more structure. These
spectra support the theory derived in previous experiments that clipping off the linker
affects the folding in the domain itself[28]. The construct with the linker attached to the
domain may fold into a more stable and structurally sound globular protein than the
construct with no linker. The data obtained from the spectral experiments in this study is
consistent with this theory. Another interpretation of the greater signal at 218 nm for the
NCADl-Ll construct is that the linker causes a rearrangement of the sheet segments,
leading to an increased signal.
It is also interesting to observe that the addition of salt cancels the effect of the
linker, making NCADl-Ll spectrally similar to the constmct with no linker, NCADl. In
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previous studies with domain 2 of NCAD, salt was shown to stabilize the structure [28].
The mechanism

proposed asserts that the positively charged sodium ions screen

electrostatic repulsion from the clusters of negative residues at the interface between the
domains and the linker region,

The linker region contains two negatively charged

residues which contribute to this repulsion. So, we expect that the electrostatic repulsion,
which produces a less stable and less structured construct, would only be observed in
constructs containing the linker region. This assumption is corroborated by the spectral
results in this study which indicate that in those spectra ofNCADl-Ll with salt, there is a
significant signal difference from the spectra of NCADl and NCADl-Ll with no salt
added (Figure 6).

Thermal Stability’
The melting profiles in Figure 7 for both NCADl and NCADTLl portray
profiles of a protein which does not transition into the denatured state tmtil an aboveaverage temperature. This may indicate that the monomeric constructs are very stable or
that we are observing the melting of the dimer; however, we believe that it is due to the
formation of a plaque-like structure. The current model for the temperature denaturation
data is the following:

W2 comes out of the hydrophobic pocket, eliminating strand

crossover at 37 °C. Domain 1 unfolds no later than 45 °C. At

60 °C, the unfolded

protein aggregates into plaque-like structures. The transition at ~ 74 °C is the melting of
the plaque. All of the profiles from NCADl, and the apo and calcium-added profiles
from NCAD 1 -L1, demonstrate this unusual behavior.
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Wc believe that the high temperature melting transitions indicate an experimental
anomaly with the denaturation of the two domain 1 constructs, because domain 1 of
neural cadherin is believed to be relatively unstable. This determination is derived from
knowledge that epithelial cadherin domain 1 (ECADl or ECADl-Ll) was impossible to
isolate in a stable form. It degraded during purification, such that a construct separated
from domain 2 was unable to be isolated [27]. Analysis of the two domain construct for
epithelial cadherin, ECADl2, implies that the melting temperature for domain 1 in
ECADl2 is ~ 37 °C. Because ECADl is so notably unstable, it is reasonable to assume
that NCAD1 is unstable as well. However, since we can purify domain 1 constructs from
NCAD, we might assume that there is some intrinsic stability in this domain that is not
found in ECADl constructs. Given that, the two domain construct, NCAD12, melts at
~ 45 °C, and NCAD2 melts at ~ 54 °C; it is unlikely that NCADl melts at a temperature
above that of NCAD2 unless there is some sort of drastic destabilization of the domains
when they are linked.
In addition, the melting profiles collected in this study all displayed a decreasing
signal upon denaturation.

All cadherin constructs show a decrease in signal when

denatured [26-28]. This is not characteristic behavior for a protein, and thus may indicate
the formation of some atypical secondary or tertiary structure.
Also notable are CD spectral results which may signify that the NCADl-LI is
more structured than NCAD 1. Thus, we might expect the melting profiles of NCADl-Ll
to indicate a transition into the denatured state at a slightly higher temperature than
NCADl.

Conversely, based on the NCAD2 studies, we might expect to see

destabilization by the linker [28]. The transition point at ~ 74 °C is still too high to be
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considered a plausible transition point, and all three profiles of NCADl and the apo and
calcium-added profiles of NCADl-Ll melt at approximately the same temperature.
Hence, the linker does not act as a destabilizer as in previous NCAD2 studies, nor does it
appear to act as a stabilizer as might be expected fi'om spectral results. From the near
uniformity in melting profiles regardless of linker presence or solution conditions, it is
fairly evident that there is some other factor such as a plaque influencing the results ofthe
thermal stability experiments.
Salt Studies
We know that salt stabilized the domain 2 constructs including L1-NCAD2-L2
(54 °C at 140 mM NaCl to 60 °C at 1 M NaCl; data not shown). However, CD spectra
results from this study of domain 1 indicate that salt cancels the structuring effect of the
linker, effectively altering NCADl-Ll to become spectrally similar to NCADl. It
appears that salt also cancels the effects of the plaque, producing a closer-to-accurate
transition point, yet still higher than the expected actual transition point. The NCADl-Ll
construct with 1 M NaCl added melted at

57 °C, and we would expect that its actual

melting temperature without salt is closer to that found for domain 1 in ECAD12,~ 37
°C.

This information may lead to two plausible conclusions regarding the plaque

formation and the effect of salt. First, because we know of salt's stabilizing effects with
domain 2, it is reasonable to assume the melting temperature of~ 57 °C may indicate that
salt proficiently cancels the effect of the linker, but its stabilizing nature with the linker
causes the actual melting temperature to be between the expected 37 °C for no salt added
and the unusual 74 °C seen with the other artifactual profiles of NCADl-Ll and NCADl.
Second, if salt does not stabilize the domain 1 linker constmet as it did with domain 2,
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then the median melting profile may signify that salt does not completely eliminate the
effect of the plaque, but rather, it decreases the effects caused by the plaque in NCADl-

Ll.
In order to assess whether salt affects the dimerization ofthe constructs, SEC was
performed and analyzed using the NCAD12 construct (Figure 5). A 0.14 M NaCl
sample and a 1,14 M NaCl sample were tested under the same conditions,

The

chromatograms of both samples indicate that the majority of the protein construct is in
the dimeric state. If salt were in fact disrupting the dimerization process, then we would
predict that in regards to the 1.14 M NaCl sample, the majority of the protein would be in
monomeric form. However, because both chromatograms of NCAD12 are so similar and
suggest a prevalence of dimer, it was established that the addition of salt, even in such a
significant concentration, does not alter the ability of the protein to form dimer.
Importantly, these results combined with those from the heat treatment imply that the
high temperature transition is not the melting of the dimer. Also, the reduction in plaque
formation with the addition of salt cannot be attnbuted to the ability of salt to disturb
dimerization.
Studies of Reversibility in NCADl
Additional thermal stability experiments were performed on NCADl to further
characterize the plaque structure which forms as these two constructs melt (Figure 8).
Like the previous thermal stability experiments with NCADl and NCADl-LI, a higher
than expected melting temperature was observed.

The melting profiles of the two

constructs in Figure 7 were normalized and fitted to a flat baseline, while the profiles in
the reversibility study were left in the raw data form and was observed to have a sloping
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baseline. In spite of the sloping baseline, the biphasic nature of the profile is obvious. It
is this late transition which gives the protein its atypically high point of denaturation.
It is possible that the sloping baseline was the primary transition for the melting of
the construct, and the high second temperature transition is formation of or melting of a
plaque type structure that forms fi*om the domain unfolded in the first transition as
observed in the previous thermal stability experiments (Figure 7). The cause of the
plaque formation is still not certain, but one possibility is that the plaque may form with
the addition of heat. Experimental data showed that as the construct cooled, the profile
followed closely with that of the first melting scan until ~ 50 °C, where it curved away
from the sloping baseline; this indicates that the first transition, the sloping baseline, was
lost in the reverse direction, but the second transition of the plaque remained intact. The
second melting profile is almost identical to the cooling profile, as there is no sloping
baseline, only a very late melting transition into the denatured state. Thus, the protein is
not a reversibly folded molecule and does not return to its native state. The cooling scan
and second melting scan signify that heating causes the protein to denature beyond repair,
leaving no remnants of native stmcture in contrast to what one might expect.
Conversely, assembly into this plaque structure is indeed reversible. Our data
show that this structure forms, melts at ~ 74 °C, and then apparently reforms when the
solutions is cooled. Moreover, no light scattering is observed; therefore, the plaque is not
a solid. It should also be noted that only constructs containing domain 1 and exhibiting
dimerization make this plaque type structure.

No plaque structure is observed with

domain 2 constructs or with constructs lacking the essential tryptophan for dimerization,
W2A. This implies that the high temperature transition is formed from domain 1 and is
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competent to form dimer, although we do not think that it is formed from the melting of
the dimer itself. We have not isolated and characterized the plaque spectrally, but we do
have a general idea as to how the plaque assembles.
Like the assembly of the dimer investigated with the SEC, this plaque might also
be viewed as a concentration dependent formation. Yet, also like the dimer, this plaque
formation is concentration independent. Using the two domain construct, NCAD12,
concentration

dependent thermal stability tests were run to determine if the

concentration of the protein affected dimer formation (data not shown). The second
transitions of the profiles were identical regardless of concentration. This implies that
the plaque is not an oligomeric aggregation which may be altered by the addition of
more protein; rather, it is the formation of a monomer, and most notably, one which is
capable of reversible assembly.

37

Conclusion
After performing SEC, CD spectra, and thermal stability experiments on both of
the domain 1 constructs, a few final obser\'ations may be made regarding the nature of
this neural cadherin domain. Results obtained did not provide concrete determinations as
to the effect of the linker or salt added conditions. Because we found thatNCAD2 was
stabilized by the linker segment, as well as the addition of salt, similar conclusions were
drawn for NCADl. However, results indicate that the linker provides domain 1 with a
more structured form, and the addition of salt to NCADl-Ll negates this structuring
effect.

From knowledge of previous data, melting profiles for these constructs were

ex pected to be much lower than the obtained values of 74 °C, signifying that there was
some foreign plaque structure forming as the constructs melted.

Interestingly, salt

appears to cancel the effect of this plaque and also stabilize the construct, yielding a
melting profile in between the expected and actual profiles.
Three important observations were made as to the dimerization state of the two
domain 1 constructs. First, it is remarkable that the domain 1 constructs are capable of
forming dimer. Dimerization was not expected in either NCADl orNCADl*Ll because
the calcium binding pocket is incomplete. Second, the dimer created by these constructs
is not in exchange with monomer. The globular structure does not fi-eely move firom
dimeric to monomeric form, but essentially appears to be stuck in the dimeric position
once this state is achieved. Third, heating the constructs to only 37 °C releases the dimer
into monomer constituents.

This is a surprisingly low temperature considering how

tightly fixed the strand crossover bond must be to prevent exchange with monomer.
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WTiile the dimerization state of the two constructs was atypical, so also was the
formation of a plaque structure during the melting process of thermal stability
experiments. This plaque gives the constructs the false appearance of extreme thermal
stability.

We know from prior experiments that only those constructs which contain

domain 1 and are capable of forming dimer demonstrate the presence of the plaque.
Several other constructs studied in our laboratory show this reversible plaque formation
during the heating process. This project as a whole is not yet complete, but additional
experiments such as DSC and fluorescence would hopefully serve to clear up a few
discrepancies regarding the plaque formation.
Although results obtained are somewhat conflicting concerning the exact utility
of the linker region, it is clear that the linker of domain 1 does play a significant role in
the structure and stability of the protein. As this work is a part of a larger compilation of
various cadherin construct studies, it should be stated that, although not complete, this
study of neural cadherin domain 1 suggests that the characteristics of the extracellular
domains are, in fact, umque. Perhaps further study of the individual properties of the
extracellular domains may elucidate functional problems of the cadherin in physiological
situations.
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